This paper investigates a cooperative uplink system where two users wish to send messages to a base station with the help of a buffer-aided relay. Transmission modes in terms of both non-orthogonal multiple access (NOMA) and orthogonal multiple access (OMA) are considered. For the considered system, the probability for the user-to-relay channels to successfully perform NOMA is first theoretically derived in two scenarios of dynamic and fixed power controls (PCs) at users. Then, an efficient buffer-aided hybrid NOMA/OMA based mode selection (MS) scheme is proposed, which adaptively switches between the NOMA and OMA transmission modes according to the instantaneous strength of wireless channels and the buffer state. The state transmission matrix probabilities of the corresponding Markov chain is also derived, and the performance of the proposed hybrid NOMA/OMA scheme is analyzed with closed-form expressions, in terms of sum throughput, outage probability, diversity gain, and average packet delay. For both the dynamic and fixed PCs, the proposed scheme is proved to achieve a diversity gain of two when the buffer size is not smaller than three, which means that fixed PC will not lead to a loss of diversity gain.
(e.g., [8] [9] [10] [11] ). Recently, the uplink cooperative communication has also been investigated in [12] , where a coordinated direct and relay transmission was proposed.
Buffer-aided cooperative communication technique can provide additional freedom for wireless cooperative communication networks, which overcomes the bottleneck effect of conventional cooperative communication technologies [13] . Exiting works related to buffer-aided cooperative communication mainly considered the design of adaptive link or mode selection (MS) schemes for single-relay systems (e.g., [14] [15] [16] [17] [18] [19] ), and the design of relay selection schemes for multiple-relay systems [20] [21] [22] . In addition, bufferaided cooperative NOMA for downlink transmission has also been investigated in recent existing works [23] [24] [25] [26] . The works in [23] and [24] considered cooperative NOMA with a single buffer-aided relay. In [23] , adaptive and fixed rates were assumed for the source-to-relay and relay-to-user transmissions, respectively, and the sum throughput was maximized based on the optimal MS scheme. In [24] , fixed rate was assumed for both the source-to-relay and relay-to-user transmissions, and a relay decision scheme was proposed to enhance outage performance, under the assumptions of fixed and adaptive power allocations at the relay, respectively. Recently, the works in [27] , [28] proposed hybrid bufferaided NOMA/OMA RS scheme for downlink systems, which is shown to significantly outperform NOMA and OMA RS schemes.
Unlike the widely considered downlink buffer-aided relay systems [23] [24] [25] [26] [27] [28] , this paper investigates an uplink bufferaided relay system with two users, a DF relay, and a base station (BS), where both the modes of NOMA and OMA are considered for the user-to-relay transmission. Note that performance analysis regarding to uplink NOMA is more complicated than that of the downlink NOMA, in the sense that the receiver for uplink NOMA is involved with multiple links from multiple transmitters, whereas each receiver for downlink NOMA is involved with only one link from the single transmitter. The main contributions are summarized as follows:
• We theoretically derive the probability for the user-torelay channels to successfully perform NOMA in two scenarios of dynamic and fixed power controls (PCs) at users. In particular, for both dynamic and fixed PCs, we carefully designed the transmit power at each user so that the power of the inter-user interference can be controlled.
• We propose an efficient buffer-aided hybrid NOMA/ OMA based MS scheme, which adaptively switches between the NOMA and OMA transmission modes according to the instantaneous channel state information (CSI) and the buffer state. The basic idea of the proposed hybrid NOMA/OMA MS scheme is to give priority to the NOMA transmission mode, i.e., NOMA will be adopted to transmit the two users' messages simultaneously. However, the NOMA transmission mode might not be successful, especially for weak channel conditions; in this case, the transmission mode will switch to the OMA.
• The Markov chain (MC) of the proposed hybrid NOMA/OMA based MS scheme is formulated, and the corresponding state transmission probabilities are analyzed. Accordingly, the performance of the proposed hybrid NOMA/OMA MS scheme is derived with closedform expressions for sum throughput, outage probability, and average packet delay.
• It is demonstrated that the proposed scheme can achieve a diversity gain of two as long as the buffer size is not smaller than three, for both two scenarios of dynamic and fixed PCs. This means that fixed PC will not lead to a loss of diversity gain, by carefully designing the transmit power at each user. This paper is organized as follows. In Section II, the system model and five transmission modes including CSI and buffer requirements are introduced. Section III derives the probability for the user-to-relay channels to successfully perform NOMA in two scenarios of dynamic and fixed PCs at users. Then Section IV describes the proposed hybrid NOMA/OMA MS scheme. In Section V, the throughput, outage probability, diversity gain, and average packet delay are derived. Section VI provides numerical results to compare the performance of hybrid NOMA/OMA with conventional NOMA and OMA. We conclude this paper in Section VII. 
II. SYSTEM MODEL AND PRELIMINARIES A. SYSTEM MODEL
Consider a buffer-aided uplink DF relaying system which consists of two users, a relay, and a BS, as shown in Fig. 1 . We assume that the direct links between the two users and the BS are not available since they are blocked due to longdistance path loss or obstacles, and the user-relay and relay-BS channels experience identical and independent Rayleigh fading [20] . It is assumed that the time duration is partitioned into slots with equal length and each transmitted packet spans one time slot. In each time slot, the users or the relay may be selected to transmit packets. When each user is selected, it assembles an information symbol intended for the BS into a packet with r 0 bits, i.e., the same target rate of r 0 /2 BPCU is assumed for each user to guarantee fairness [24] , and hence the target sum rate rate is r 0 BPCU. The relay is equipped with two buffers, i.e., B 1 and B 2 . Each buffer consists of L ≥ 2 storage units and each storage unit can store a data packet received from any user. A storage unit at buffer B u is used to store an information symbol transmitted by user u, u = 1, 2. If the relay is selected, it retrieves information symbols from the buffers and transmits them to the BS. Assume that each user always has information symbols to transmit.
The channel coefficients from user u to the relay and from the relay to the BS are denoted as h u and h R , respectively. Each channel is modeled as h i = d −γ /2 i g i , where the small scale fading gain is Rayleigh distributed, i.e., g i ∼ CN (0, 1), i ∈ {1, 2, R}; thus, we define H i |h i | 2 , which follows exponential distributions with means i = d −2 i . These channels are assumed to be independent flat Rayleigh block fading channels which remain constant during one time slot and change randomly from one time slot to anther. Without loss of generality, it is assumed that each user u and the relay are constrained by the maximum transmit power P, and each receiver has the same noise power σ 2 . This implies that individual power constraints at the users are considered in the uplink system, which is more practical than the assumption of the sum power constraint at the users in many existing works for uplink NOMA (e.g., [3] , [12] ). For the proposed system, we consider five possible transmission modes, denoted by M 1 , · · · , M 5 . Specifically, M 1 , M 2 , and M 3 denote the user-to-relay modes, where the opportunistic hybrid NOMA/OMA scheme is utilized: M 1 and M 2 utilize the OMA scheme for which only one of the users is selected to transmit a packet to the relay, and M 3 utilizes the NOMA scheme for which the two users transmit packets to the relay simultaneously. M 4 denotes the relay-to-BS mode, where the relay selects a packet from each user's buffer and blends the two packets into a mixed packet with 2r 0 bits and then transmits it to the BS 1 ; and M 5 denotes the silent mode.
B. TRANSMISSION MODES AND CSI REQUIREMENTS
The instantaneous CSI requirement for each mode is summarized in Table 1 , where the CSI region of mode M k is defined as R k . Specifically, for the mode M u , u = 1, 2, it requires H u ≥ 0 so that the relay can decode packets correctly, where 0 2 r 0 −1 ρ , and ρ P σ 2 denote the maximum transmit 1 Note that, different to the user-to-relay transmission, we consider only one mode for the relay-to-BS transmission (i.e. M 4 ), where the relay transmits both the two users' messages simultaneously, such that the two users' messages can reach the BS at the same time slot and short-term user fairness can be guaranteed [4] , [9] , [24] . SNR for each node. For the mode M 4 , the transmission rate from the relay to the BS should be 2r 0 bits per channel use (BPCU), so H R ≥ R is required, where R 2 2r 0 −1 ρ . For the uplink NOMA mode M 3 , the relay receives the following signal:
where P u ≤ P is the transmit power at user u, u = 1, 2, and n r is the additive Gaussian noise at the relay with zero mean and variance σ 2 . The relay uses successive interference cancellation (SIC) 2 to decode the two users' messages. It may also be interesting to combine uplink NOMA with some emerging advanced techniques (e.g., mobile edge computing [30] , automatic modulation classification [31] and deep leaning [32] , [33] ), which is out the scope of this paper. Specifically, we assume that the users are sorted according to their channel qualities and denote (π 1 , π 2 ) as the descending order of the channel gains, i.e., |h π 1 | ≥ |h π 2 |, where (π 1 , π 2 ) = (1, 2), if |h 1 | ≥ |h 2 |, and (π 1 , π 2 ) = (2, 1), otherwise. The relay first decodes the message of the stronger user π 1 by treating the weaker user's signal as pure noise, which requires H π 1 P π 1 σ 2 +H π 2 P π 2 ≥ ρ 0 ; then, it cancels the signal of the stronger user π 1 from the observed signal, H π 2 P π 2 ≥ P 0 .
Remark 1: Since SIC at the relay first decodes the stronger user's messages, the optimal choice of the transmit power P π 1 at the stronger user obviously is P, so we set P π 1 = P. However, the transmit power P π 2 at the weaker user should be controlled to be a suitable value, since a larger P π 2 will lead to a larger inter-user interference power when using SIC to decode the stronger user's messages at the relay. In the next section, both the dynamic and fixed PCs at the users will be considered, which correspond to two scenarios that the weaker user knows perfect CSI and statistical CSI, respectively.
C. THE BUFFER REQUIREMENTS
Let l u denote the number of packets in buffer B u at the end of each time slot, l u ∈ {0, 1, . . . , L}. The buffer requirement for each mode is also summarized in Table 1 , where mode M u requires that buffer B u is not full, i.e., l u < L, u = 1, 2; mode M 3 requires that both the two buffers are not full, i.e., max{l 1 , l 2 } < L; and mode M 4 requires that both the two buffers are not empty, i.e., min{l 1 , l 2 } > 0.
III. PROBABILITY FOR USER-TO-RELAY CHANNELS TO PERFORM NOMA
In this section, we will derive the probability for the userto-relay channels to successfully perform NOMA, denoted by P R 3 P{(H 1 , H 2 ) ∈ R 3 }, in the scenarios of dynamic and fixed PCs at the weaker user, respectively. With the setting of P π 1 = P, we first rewrite the region of R 3 regarding to the NOMA mode M 3 , shown in Table 1 , as follows:
where H π 1 ≥ H π 2 . Now, we will design the transmit power at the weaker user to control the power of the inter-user interference in two scenarios of dynamic and fixed PCs in the following two subsections, respectively. 
A. DYNAMIC POWER CONTROL
Dynamic PC corresponds to the scenario that the weaker user knows the perfect CSI of H π 2 at the beginning of each time shot, where the perfect CSI can be obtained based on pilot symbols transmitted from the relay to the weaker user. In this case, the weaker user dynamically adjusts its transmit power according to instantaneous CSI, such that the stronger user can be affected minimally by the interference generated by the weaker user in the decoding process at the relay. Specifically, for user π 2 , we set the minimum required transmit power, i.e., P π 2
≤ 1, and P π 2 0, otherwise, in order to control the power of the inter-user interference when decoding user π 1 's messages. Using this power setting, the required CSI region R 3 in (2) can be simplified as follows: (3). Thus, we can derive the probability P R 3 as follows:
Fixed PC corresponds to the scenario that the weaker user only knows the statistical CSI (i.e., means and variances of fading channels) rather than the perfect CSI of H π 2 . In this case, the weaker user π 2 can only adopt a fixed transmit power, which is not larger than P in each time slot. In particular, we set P π 2 = αP, where 0 < α ≤ 1 which is a fixed power parameter to control the transmit power of the weaker user in each time slot. Then we transform the region R 3 in (2) as follows:
From (5), one can observe that a larger α is beneficial to decode user π 2 's messages but harmful to decode user π 1 's messages. To balance the decoding of both the two users' messages, we define the power parameter α as follows:
Remark 2: α in (6) is naturally designed, whose motivation is to set the coefficient of H π 2 in the first term of (5), i.e., α(2 r 0 − 1), to be 1 if r 0 ≥ 1, so that the inter-user interference power generated by the weaker user π 2 can be effectively controlled. However, if r 0 < 1, the coefficient α(2 r 0 − 1) cannot exceeds 1 for any α ∈ (0, 1]. In this case, we simply set α = 1, as the inter-user interference power can be controlled even if the weaker user π 2 sets its transmit power to be P.
The following proposition gives the expressions for P R 3 in two cases that r 0 ≥ 1 and r 0 < 1.
Proposition 1: Using fixed PC parameter given in (6) at the weaker user, the probability of P R 3 can be expressed in the equation shown at the bottom of the next page.
Proof 1: In the following, we will derive P R 3 by considering two cases that r 0 ≥ 1 and r 0 < 1.
1) CASE I (R 0 ≥ 1)
Using the definition in (6), the region R 3 in (5) can be expressed as which is illustrated in Fig. 3 . We observe that
Now, we first derive R 1 3 as follows:
where ζ 1 = 0 (2 r 0 − 1). Similarly, we have Combining (9) and (10), we can obtain the expression of P R 3 as shown in (7) for the case r 0 ≥ 1.
2) CASE II (R 0 < 1)
In this case, P π 2 = P as shown in (6), so the region R 3 in (5) can be expressed as
which is illustrated in Fig. 4 . We can observe that
Thus, the probability P R 3 can be expressed as
Now, we first derive PR1 3 as follows:
where
where ζ 3 (15) and (16) into (14), the expression of PR 3 can be obtained as shown in (7) for the case that r 0 < 1.
IV. HYBRID NOMA/OMA MODE SELECTION
The design of throughout-optimal buffer-aided relaying schemes for delay-constrained networks is still a challenging issue, which has not been solved even for the single-user case [13] . Alternatively, an efficient delay-constrained bufferaided MS scheme will be proposed in this section. 
The basic idea is to allocate each mode M k a weight, denoted by W k , to determine the priority of each mode, which is given in Table 2 , where 0 < δ < 1/2 is used to differentiate two weights with the same integer part. In addition, ω 1 , ω 2 and ω 3 in Table 2 are used to denote three different priority layers of the transmission modes, where 0 ω 1 ω 2 ω 3 . In particular, when min{l 1 , l 2 } ≥ 2, M 4 lies on layer ω 3 , which enjoys the highest priority. The motivation of the threshold of 2 is to achieve the tradeoff between outage probability minimization and average packet delay minimization [24] , [34] . In this case, each buffer will be prone to remain at the size of 1 or 2 especially at high SNR, which means that each buffer is neither full nor empty in most time slots as long as L ≥ 3. When min{l 1 , l 2 } = 1, M 4 falls down to layer ω 2 , the same layer with M 3 . Moreover, the OMA modes M 1 and M 2 lies in layer ω 1 , and the silent mode M 5 will be selected only if the weight of any other mode is smaller than 2δ or its CSI requirement is not satisfied.
With the allocated weights, the hybrid NOMA/OMA based MS scheme can be mathematically expressed as follows. In particular, mode M k * is selected in each time slot, where k * is given by
Remark 3: Hybrid NOMA/OMA will reduce to NOMA, if we disable the transmission mode M 1 and M 2 by setting W 1 = W 2 = 0, i.e., only modes M 3 and M 4 are used to receive and transmit messages at the relay, respectively. In addition, if we disable mode M 3 by setting W 3 = 0, hybrid NOMA/OMA will reduce to OMA where the users transmit messages to the relay in orthogonal time slots.
V. PERFORMANCE OF BUFFER-AIDED HYBRID NOMA/OMA
In this section, the performance of the proposed buffer-aided hybrid NOMA/OMA scheme will be analyzed by formulating a MC as well as its transition matrix to model the evolution of the relay buffers.
A. STATE TRANSMISSION MATRIX
Let s n = (l 1 , l 2 ), n ∈ {1, 2, . . . , (L + 1) 2 }, denote the states in the MC, which describes the queues of the two buffers at the relay. Let A denote the (L +1)×(L +1) state transition matrix, whose entry A i,j = p(s j → s i ) = P{(l 1 (t + 1), l 2 (t + 1)) = s i |(l 1 (t), l 2 (t)) = s j } is the transition probability to move from state s j at time t to s i at time t +1. The transition probabilities for the proposed scheme can be summarized in the following proposition.
Proposition 2: The transition probabilities of the states of the MC for the proposed hybrid NOMA/OMA based MS scheme are given in (19)-(23), as shown at the bottom of the next page, where ''∨'' and ''∧'' denote ''or'' and ''and'', respectively. In addition, P R k denotes the probability that the channel gains lie in the region R k shown in Table 1 ,
and P R 4 = e − R R , and P R 3 is given in (4) and (7) for the scenarios with dynamic and fixed PCs, respectively.
Proof 2: Please refer to Appendix A. When the buffer size L = 2, there are (L +1)×(L +1) = 9 buffer states in total and the state MC for L = 2 is presented in Fig. 5 . According to Proposition 2, the corresponding state transition matrix A for L = 2 can be written as (18) at the bottom of the next page.
B. PERFORMANCE OF THE PROPOSED SCHEME
One can verify that the transition matrix A is column stochastic and irreducible, 3 so the stationary state probability vector 3 Column stochastic means that all entries in any column sum up to one; irreducible means that it is possible to move from any state to any state [35] .
can be obtained as follows [20] :
where π = [π s 1 , · · · , π s (L+1) 2 ] T , b = [1, 1, · · · , 1] T and B i,j = 1, ∀i, j. In the next, we will use π (l 1 ,l 2 ) to denote the stationary state probability of the buffer state s n = (l 1 , l 2 ) for simplicity.
In the following, the performance of the sum throughput, the outage probability, and the average packet delay will be analyzed.
1) THROUGHPUT
Over a long time of period, obviously the sum receive and the transmit throughputs at the relay will be the same, and the sum throughput of the system can be expressed as follows:
2) OUTAGE PROBABILITY Since the target sum rate is r 0 BPCU (r 0 /2 BPCU for each user), the outage probability of the system can be expressed as follows:
Based on the system outage probability P out sys , the diversity gain of the proposed hybrid NOMA scheme is defined as follows:
Proposition 3: The diversity gain of 2 can be achieved by the proposed hybrid NOMA scheme in both the scenarios of dynamic and fixed PCs at the users, i.e., d 0 = 2, as long as L ≥ 3.
Proof 3: Please refer to Appendix B. Proposition 3 implies that fixed PC will not lead to a loss of diversity gain in comparison with dynamic PC, using the proposed design of the transmit power at each user in (6) .
3) AVERAGE PACKET DELAY
Denote P k as the probability that mode M k is selected. Over a long period of time, based on (26), we obtain
Moreover, denote η U and η R as the transmit sum throughputs (in number of packets per time slot) of the users and the relay, respectively, which can be expressed as
Since in each time slot, at most two packets are transmitted from the two users, the average sum queuing length (in number of time slots) at two users can be obtained as
Thus, the average packet delay at the two users is
In addition, the average packet delay at the relay is D R = Q R /η R , whereQ R is the average sum queuing length of the two buffers, which can be expressed as
In summary, the total average packet delay of the system is D U + D R .
VI. NUMERICAL RESULTS
In this section, we evaluate the performance of the proposed hybrid NOMA/OMA based MS scheme by using computer simulations, in terms of sum throughput, outage probability and average packet delay. Furthermore, asymmetric distances are considered, which are set as d 1 = 1, d 2 = 2 and d R = 1, and the path loss exponent is chosen as γ = 2 to reflect a favorable propagation condition. This means that 1 = 1, 2 = 1 4 , and R = 1. In the following subsections, we present the performance of the proposed hybrid NOMA/OMA scheme in two scenarios of dynamic and fixed PCs at users.
A. DYNAMIC POWER CONTROL
In this subsection, Figs. 6-9 are provided to compare the performance of the proposed hybrid NOMA/OMA scheme and the conventional NOMA and OMA schemes, where it is assumed that dynamic PC is adopted at the users for all the schemes.
In Fig. 6 , sum throughput comparison is presented for the proposed hybrid NOMA/OMA scheme and the conventional NOMA and OMA schemes, where the buffer size is set as L = 5. One can observe that, when r 0 = 2 BPCU, the hybrid NOMA/OMA and NOMA schemes achieve the maximum sum throughput of 2 BPCU at high SNR, whereas the OMA scheme can only achieve about 1.3 BPCU in this case. This is because only one packet can be transmitted from the users to the relay in one time slot for the OMA scheme. If we set r 0 = 3 BPCU, OMA can achieve the sum throughput of 2 BPCU at high SNR, but have a poor performance at low or moderate SNR. In addition, the proposed hybrid NOMA/OMA scheme outperforms the comparative ones significantly.
The outage probability performance of the proposed hybrid NOMA/OMA scheme and the NOMA scheme are presented in Figs. 7 and 8 versus SNR and buffer size L, respectively. It can be seen from Fig. 7 that the gap between the two schemes is slight when L = 2, especially at high SNR, but significant performance gap exists when L = 5. In Fig. 8 , one can observe that the proposed hybrid NOMA/OMA scheme achieves lower outage probability compared to the NOMA scheme for different buffer sizes and SNRs. In particular, the proposed scheme can benefit from enlarging L significantly, whereas the outage probability of the NOMA scheme almost does not decrease when L ≥ 5.
In Fig. 9 , we present average packet delay comparison of the proposed hybrid NOMA/OMA scheme and the NOMA scheme when L = 3 and L = 5. We observe that, at low SNR, the proposed hybrid NOMA/OMA scheme achieves a much shorter average packet delay than NOMA scheme. This is because the average packet delay at the users is the dominant factor when the outage probability is high at low SNR (shown in Section V-B). At high SNR, the proposed scheme suffers from a longer average packet delay especially when L = 5. This is because the average packet delay at the relay is the dominant factor at high SNR. For the proposed scheme, a single packet is transmitted when an OMA transmission mode (M 1 or M 2 ) is selected, which may obstruct the following received packets in the same buffer. However, it can be seen that the average packet delay of the proposed scheme is just slightly longer than the NOMA scheme at high SNR. and the conventional NOMA scheme, in the scenario of the fixed PC at the users. The hybrid NOMA/OMA scheme with dynamic PC is also depicted as an upper bound for the proposed scheme with fixed PC.
In Fig. 10 , with the fixed PC, hybrid NOMA/OMA significantly outperforms the conventional NOMA, in terms of sum throughput. When the transmit rate r 0 = 2 BPCU, hybrid NOMA/OMA scheme with fixed PC performs worse than hybrid NOMA/OMA scheme with dynamic PC, which can be explained by the fact that the required NOMA region R 3 for dynamic PC in Fig. 2 has a much lager domain than that for fixed PC in Fig. 3 . While when the transmit rate r 0 = 0.5 BPCU, hybrid NOMA/OMA with fixed PC can achieve almost the same sum throughput as hybrid NOMA/OMA with dynamic PC. This is because when the transmission rate is small, there is only a little difference between the required NOMA region R 3 for dynamic PC in Fig. 2 and that for fixed PC in Fig. 4 . Fig. 11 shows the outage probability, P out sys , for the hybrid NOMA/OMA and NOMA schemes. Hybrid NOMA/OMA also outperforms NOMA especially when r 0 = 2 BPCU. The outage probability performance of hybrid NOMA/OMA with dynamic PC performance better than hybrid NOMA/OMA scheme with fixed PC, when the transmit rate r 0 = 2 BPCU. However, one can observe that the advantage of hybrid NOMA/OMA with dynamic PC narrows compared to hybrid NOMA/OMA with fixed PC, when the transmit rate reduces to 0.5 BPCU.
In Fig. 12 , we depict the outage probability P out sys for the corresponding three schemes as a function of the buffer size L, in order to consider the impact of the buffer size L. Obviously, the outage probability for each scheme decreases with L. Furthermore, when r 0 = 2 BPCU, it can be seen that the outage probabilities of the both the hybrid NOMA/OMA and NOMA schemes with fixed PC changes little for the region L ≥ 2, while the curve of hybrid NOMA/OMA with dynamic PC almost keeps unchanged for the region L ≥ 6. When r 0 = 0.5 BPCU, the performance of each scheme keeps unchanged for the region L ≥ 4. Thus, it is suitable for the proposed hybrid NOMA/OMA scheme to choose a small buffer size of L between 3 and 5.
In Fig. 13 , we present the average packet delay in number of time shots of three schemes versus the SNR. We note that, when the transmit rate r 0 = 2 BPCU, the average packet delay of hybrid NOMA/OMA with fixed PC is longer than that with dynamic PC at low SNR, because the delay at the users is the dominant factor in this case. However, when r 0 = 0.5 BPCU, the delay of hybrid NOMA/OMA scheme with fixed PC is almost the same as that with dynamic PC. In addition, similar to Fig. 9 , the conventional NOMA scheme achieves a shorter average packet delay at high SNR, and the performance gain is about 1.5 time slots compared to hybrid NOMA/OMA.
VII. CONCLUSION
This paper investigated a cooperative uplink system with two users, a buffer-aided relay, and a BS. A hybrid NOMA/OMA based MS scheme has been proposed, which adaptively switches between the NOMA and OMA transmission modes according to the instantaneous CSI and buffer state. We have derived the probability for the user-to-relay channels to successfully perform NOMA in two scenarios of dynamic and fixed PCs at users. Accordingly, we carefully designed the transmit power at users such that the inter-user interference can be controlled. Then, we have analyzed the state transmission matrix probabilities of the corresponding MC, and derived closed-form expressions for sum throughput, outage probability, and average packet delay. A diversity gain of two was proved to be achieved when the buffer size is not smaller than three for both dynamic and fixed PCs. Numerical results have shown that the proposed hybrid NOMA/OMA scheme with dynamic PC significantly outperforms the conventional NOMA and OMA schemes in most scenarios.
APPENDIXES APPENDIX A PROOF OF PROPOSITION 2
To prove this proposition, we first analyze the probability of the required CSI region for each mode M k (shown in Table  1 ), denoted by P R k , k ∈ {1, 2, 3, 4} where P R 3 is given in (4) and (7) for dynamic and fixed PCs, respectively, and the other probabilities can be easily given as follows:
We then consider the following cases: 1) Since each buffer at most receives or transmits only one packet in one time slot, P (l 1 ,l 2 ) (l 1 ,l 2 ) = 0 if |l u − l u | ≥ 2, u = 1, 2. Moreover, two buffers transmit at the same time slot in the proposed scheme, and hence (19) can be easily obtained.
2) P
(l 1 ,l 2 ) (l 1 ,l 2 ) corresponds to the case that mode M 5 is selected, which is shown in (20) . Since weight W 5 has the smallest value when max{l 1 , l 2 } < L∧min{l 1 , l 2 } > 0 compared to the other modes' weights, mode M 5 can only be selected if all channels are so weak that the other modes' CSI requirements (shown in Table 1 ) cannot be satisfied. In this subcase, P (l 1 ,l 2 ) (l 1 ,l 2 ) = (1 − P R 1 )(1 − P R 2 )(1 − P R 4 ). When max{l 1 , l 2 } < L ∧ min{l 1 , l 2 } = 0, the buffer requirement of mode M 4 cannot be satisfied, i.e., we do not need to consider the CSI requirement of the mode M 4 . Furthermore, if the CSI requirements of modes M 1 , M 2 and M 3 either cannot be satisfied, we can only choose mode M 5 , and P (l 1 ,l 2 ) (l 1 ,l 2 ) = (1 − P R 1 )P R 2 . When l 1 = L ∧ 0 < l 2 < L, mode M 1 cannot satisfy the buffer requirement, so in this subcases, P
. When one buffer is full while the other is empty, the buffer requirements of modes M 3 and M 4 cannot be satisfied, hence we can only choose mode M 5 if the CSI of the channel linked to empty buffer is either poor. So we can easily derive that P (l 1 ,l 2 ) (l 1 ,l 2 ) = (1 − P R 1 ) when l 1 = 0 ∧ l 2 = L, P (l 1 ,l 2 ) (l 1 ,l 2 ) = (1 − P R 2 ) when l 2 = 0 ∧ l 1 = L. When l 1 = l 2 = L, only M 4 's buffer requirement is satisfied. So when it's CSI requirement cannot be satisfied, the system can only keep silent and P (l 1 ,l 2 ) (l 1 ,l 2 ) = (1 − P R 4 ). 3) P (l 1 +1,l 2 ) (l 1 ,l 2 ) corresponds to the case that mode M 1 is selected, which is shown in (21) . In the subcase where 0 < l 2 ≤ l 1 < L, W 5 < W 1 < min{W 2 , W 3 , W 4 }, so mode M 1 can be selected only if the CSI requirement of M 1 can be satisfied but the CSI requirement of M i cannot be satisfied, i = 2, 3, 4, and thus P (l 1 +1,l 2 ) (l 1 ,l 2 ) = P R 1 (1 − P R 2 )(1 − P R 4 ). However, when 0 < l 1 < l 2 < L, W 5 < W 2 < W 1 < min{W 3 , W 4 }, so we need not consider mode M 2 . From Fig. 2, Fig. 4 and Fig. 3 , we can derive that P (l 1 +1,l 2 ) (l 1 ,l 2 )
In the subcase 0 = l 2 ≤ l 1 < L, W 4 < W 5 < W 1 < min{W 2 , W 3 }, so if the CSI requirement of modes M 2 and M 3 cannot be satisfied, we will choose mode M 3 , P (l 1 +1,l 2 ) (l 1 ,l 2 )
we can only choose mode M 1 if the CSI requirement of mode M 3 cannot be satisfied, then we obtained that P (l 1 +1,l 2 ) (l 1 ,l 2 ) = P R 1 (1 − P R 3 ). When 0 = l 1 ∧ l 2 = L, mode M 1 has the max weight and deserves the highest priority, so we will choose the user 1 to transmit if mode M 1 's CSI is available. Furthermore, we can obtain that P (l 1 +1,l 2 ) (l 1 ,l 2 )
corresponds to the case that mode M 3 is selected. If max{l 1 , l 2 } < L ∧ min{l 1 , l 2 } = 2, W 3 > W i , i = 1, 2, 5, and W 3 < W 4 , so mode M 3 can be selected only if the CSI requirement of M 3 can be satisfied but the CSI requirement of M 4 cannot be satisfied, and thus P (l 1 +1,l 2 +1) (l 1 ,l 2 ) = P R 3 (1 − P R 4 ). If max{l 1 , l 2 } < L ∧ min{l 1 , l 2 } < 2, W 3 has the largest value, and hence P (l 1 +1,l 2 +1) (l 1 ,l 2 ) = P R 3 . 5) P (l 1 −1,l 2 −1) (l 1 ,l 2 ) corresponds to the case that mode M 4 is selected, and (23) can be easily obtained, following similar derivation steps for the pervious case. If max{l 1 , l 2 } < L ∧ min{l 1 , l 2 } = 1, W 4 > W i , i = 1, 2, 5, and W 4 < W 3 , so mode M 4 can be selected only if the CSI requirement of M 4 can be satisfied but the CSI requirement of M 3 cannot be satisfied, and thus P 4 has the largest value, and hence P (l 1 −1,l 2 −1) (l 1 ,l 2 ) = P R 4 .
APPENDIX B PROOF OF PROPOSITION 3
The transition matrix A is too complicated (shown in Proposition 1) to obtain an explicit approximation of the outage probability P out sys in (7) at high SNR. Alternatively, we wish to derive an upper bound on P out sys in order to obtain an achievable diversity gain of the proposed scheme. In particular, it should be noted that the throughput achieved by the NOMA scheme (mentioned in Remark 3) is just a lower bound of the proposed hybrid NOMA/OMA scheme. This is because the relay can still receive messages by using modes M 1 and M 2 for the proposed hybrid NOMA/OMA scheme, even if the CSI requirements of M 3 and M 4 cannot be satisfied. VOLUME 7, 2019 Thus, the outage probability of the NOMA scheme, denoted by P out N , is an upper bound of P out sys . Using the NOMA scheme, there exists only three modes (M k , k = {3, 4, 5}) and (L + 1) states since the two buffers have the same size in each time slot. The MC of the simplified NOMA scheme for the case L = 3 is presented in Fig. 14, where each transition probability from state i to state j, denoted by P j i . In the following, each transition probability will be approximated in both the scenarios of dynamic and fixed PCs at the users, so that the steady probabilities can also be approximated at high SNR and the achievable diversity gain can be achieved.
A. DYNAMIC POWER CONTROL
Based on P R 3 in (4) for dynamic PC and P R 4 in (34), each transition probability can be easily approximated as
at high SNR, by using Taylor expansion. Based on the above transition probabilities, the stationary state probabilities of the MC can be obtained, which are approximately given by
at high SNR. Thus, the outage probability of the NOMA scheme can be obtained as follows:
Furthermore, it is easy to prove that the diversity gain regarding to P N sys is 2.
B. FIXED POWER CONTROL 1) CASE I (r 0 ≥ 1)
Based on the expression of P R 3 in (7) for fixed PC, we have
if r 0 ≥ 1. In addition, each transition probability can be then approximated as
at high SNR. Based on the above transition probabilities, the stationary state probabilities of the MC can be obtained, which are approximately given by 
Thus, the outage probability of the NOMA scheme can be obtained as follows:
and it is easy to prove that the diversity gain regarding to P N sys is 2.
2) CASE II (r 0 < 1)
Based on the expression of P R 3 in (7) for fixed PC, we further simplify P R 3 in (58) at the bottom of this page. Then, each transition probability can be approximated as 
and the diversity gain regarding to P N sys can be proved to be 2. On the other hand, increasing L obviously benefits to decrease the outage probability, and hence the proposed hybrid NOMA/OMA scheme achieves the diversity gain of 2 as long as L ≥ 3, in both the scenarios of dynamic and fixed PCs at the users. 
